Simvastatin as a Treatment for Pulmonary

Hypertension Trial

Martin R. Wilkins!, Omar Ali’, William Bradlow?3, John Wharton!, Anne Taegtmeyer'!, Christopher J. Rhodes],
Hossein A. Ghofrani4, Luke Howard®, Petros Nihoyannopoulos?, Raad H. Mohiaddin3, and J. Simon R. Gibbs?3;
for the Simvastatin Pulmonary Hypertension Trial (SiPHT) Study Group

'Departments of Experimental Medicine, *Cardiology, and >Respiratory Medicine, Imperial College London, Hammersmith Hospital, London,
United Kingdom; 3Cardiac Magnetic Resonance Unit, National Heart and Lung Institute, Imperial College London, London, United Kingdom;
and *Medical Clinic Il/V, University Hospital Giessen and Marburg GmbH, Giessen, Germany

Rationale: In animal models of pulmonary hypertension, simvastatin
has been shown to reduce pulmonary artery pressure and induce
regression of associated right ventricular (RV) hypertrophy.
Objectives: To assess the therapeutic value of simvastatin in patients
with pulmonary arterial hypertension (PAH).

Methods: Forty-two patients with PAH were randomized to receive
either simvastatin (80 mg/d) or placebo in addition to current care
for 6 months, and thereafter offered open-label simvastatin. The
primary outcome was change in RV mass, assessed by cardiac
magnetic resonance (CMR).

Measurements and Main Results: At 6 months, RV mass decreased by
5.2 = 11 g in the statin group (P = 0.045) and increased 3.9 = 14 gin
the placebo group. The treatment effect was —9.1 g (P = 0.028).
N-terminal pro-B-type natriuretic peptide (NT-proBNP) levels de-
creased significantly in the statin group (=75 = 167 fmol/ml; P =
0.02) but not the placebo group (49 = 224 fmol/ml; P = 0.43; overall
treatment effect —124fmol/ml; P=0.041). There were no significant
changes in other outcome measures (including 6-minute walk test,
cardiac index, and circulating cytokines). From 6 to 12 months, both
RV mass and NT-proBNP increased toward baseline values in
16 patients on active treatment who continued with simvastatin
but remained stable in 18 patients who switched from placebo to
simvastatin. Two patients required a reduction in dose but not
cessation of simvastatin.

Conclusions: Simvastatin added to conventional therapy produces
a small and transient early reduction in RV mass and NT-proBNP
levels in patients with PAH, but this is not sustained over 12 months.
Clinical trial registered with www.clinicaltrials.gov (NCT00180713).
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Pulmonary arterial hypertension (PAH) is characterized by
increased pulmonary vascular resistance due to vasoconstric-
tion, inflammation, thrombosis, and structural remodeling of
pulmonary arterioles, with occlusion of the lumen of some
vessels (1). Untreated, pressure overload of the right ventricle
leads to progressive hypertrophy and dilatation, and end-stage
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Statins have shown impressive efficacy in reducing and
reversing pulmonary hypertension and right ventricular
(RV) hypertrophy in animal models, but its effects in
patients with pulmonary hypertension have yet to be
assessed.

What This Study Adds to the Field

Simvastatin reduced RV mass and N-terminal pro-B-type
natriuretic peptide levels compared with placebo in pa-
tients with pulmonary hypertension over 6 months. How-
ever, these reductions were not sustained at 12 months.

heart failure within 2 to 3 years. The options for therapeutic
intervention have increased, and include endothelin receptor
antagonists, phosphodiesterase type 5 inhibitors, and prostacy-
clin analogs, but the prognosis remains poor. Survival in
specialist centers offering best care is around 85% at 2 years (2).

Statins offer a novel approach to the treatment of PAH. In
addition to lowering cholesterol, statins have been shown to have
antiproliferative, antithrombotic, antiinflammatory, and antioxi-
dant effects (3). This spectrum of activity arises from the
inhibition of isoprenoids (geranylgeranylpyrophosphate and far-
nesylpyrophosphate), which are essential for the post-transla-
tional isoprenylation of Rho and Ras family GTPases. Statins, in
particular simvastatin, have been reported to attenuate the
development of pulmonary hypertension in a number of exper-
imental animal models (4-12) and to regress established pulmo-
nary hypertension and vascular remodeling induced by either
pneumonectomy and monocrotaline treatment (13) or chronic
hypoxia (14). There is evidence that this is achieved through
increased apoptosis as well as reduced proliferation of smooth
muscle cells in obstructive vascular lesions. Of interest, not all
studies report a reduction in pulmonary artery pressure (12, 15,
16), but a reduction in right ventricular (RV) hypertrophy
appears to be a consistent finding (4-9, 12-16).

Data in humans are fewer. An open-label observational
study reported the use of simvastatin as an adjunctive therapy
in 16 patients with pulmonary hypertension of mixed etiologies
and suggested that the drug was well tolerated (17). Given the
consensus that the RV is an important determinant of clinical
outcome in PAH (18-21), we conducted a double-blind, ran-
domized, placebo-controlled study of the effects of simvastatin
added to optimized conventional care on RV mass and function,
measured using cardiac magnetic resonance (CMR), in patients
with PAH in functional class II and III. In addition we
measured circulating N-terminal pro-B-type natriuretic peptide
(NT-proBNP) and growth and differentiation factor-15 (GDF-
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15) levels as prognostic biomarkers in PAH (22); exercise
capacity, assessed by 6-minute walk distance; plasma nitric
oxide metabolites (NOx) and cytokine levels as exploratory
biomarkers; and safety and tolerability.

METHODS

Selection of Patients

Patients attending Hammersmith Hospital or Giessen University Hos-
pital between April 2005 and September 2008 with PAH—idiopathic,
heritable, or associated with an atrial-septal defect or connective tissue
disease (scleroderma or systemic lupus erythematosus)—were consid-
ered for the study. PAH was diagnosed on the basis of cardiac catheter
data (mean pulmonary artery pressure at rest >25 mm Hg, pulmonary
capillary wedge pressure <15 mm Hg and pulmonary vascular resistance
>3 Wood units) and the results of extensive screening for other causes
according to current guidelines (2, 23, 24). Patients had to be stable (i.e.,
no change in therapy) on a phosphodiesterase type 5 inhibitor and/or
endothelin receptor antagonist plus background therapy (diuretics and
anticoagulants, plus/minus digoxin) for at least 2 months with a 6-minute
walk distance between 150 and 500 m at entry. Exclusion criteria were:
elevated baseline liver enzymes (more than three times the upper limit
of the normal range), already taking or contraindication to statin
therapy, and already receiving or urgent need for prostanoid therapy
on clinical grounds.

The study was performed according to the 1975 Declaration of
Helsinki (modified in 1983) and in adherence to local guidelines for
good clinical practice. The local ethics review committee approved the
protocol, and written informed consent was obtained from all patients.

Study Design

Patients were randomized, double-blind, to receive either simvastatin
or matching placebo for 24 weeks and thereafter offered open-label
simvastatin. The blinding and randomization were performed by Nova
Labs (Leicester, UK). Patients started on 1 tablet (simvastatin 40 mg or
placebo) at night for the first 4 weeks and then 2 tablets daily. Blinding
was maintained during Month 7 to allow commencement and up-
titration of simvastatin in patients previously on placebo. There was
provision to reduce the dose of study medication from 2 to 1 tablet
daily if the patient was not tolerating the higher dose. Data from blood
tests (including serum lipid levels and NT-proBNP), CMR, echocardi-
ography, and 6-minute walk were gathered separately by different
members of the team and only collated at the time of unblinding to
reduce the chance of inadvertent unblinding of the study.

Outcome Measures

The following tests were performed at baseline, 24, and 52 weeks:
CMR, transthoracic echocardiogram, 6-minute walk distance (with pre
and post exhaled nitric oxide measurements), Borg dyspnea index
(performed immediately after the 6-min walk), and Cambridge Pul-
monary Hypertension Outcome Review quality of life questionnaire.
Blood sampling for hormone, nitric oxide metabolites (NOx), and
cytokine levels was performed at baseline, 4, 24, and 52 weeks and for
routine biochemistry, lipid profile, and hematology at baseline and
regular intervals.

This is an exploratory study. The primary efficacy measure was
predefined as the placebo-corrected change in RV mass from baseline to
6 months as measured by CMR. This was selected on the basis that
a change in RV mass is a robust measure of treatment efficacy in animal
models and a useful bridging biomarker for human studies. A change in
RV mass can be detected in a relatively small number of patients and
a positive effect would support further investigation; conversely, lack of
effect would suggest simvastatin is unlikely to have a major beneficial
effect in pulmonary hypertension. To facilitate interpretation, secondary
measures of efficacy were chosen to capture functional and mechanistic
endpoints. These were: change in 6-minute walk distance, cardiac index,
Borg Dyspnea Index on the completion of the 6-minute walk test (where
0 = no dyspnea and 10 = maximum dyspnea), quality of life, plasma
NT-proBNP levels, GDF-15, and a range of cytokines from baseline.
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Imaging

CMR images were obtained using a 1.5-T scanner (Sonata; Siemens,
Erlangen, Germany), with six-element coils placed anteriorly and
posteriorly. Steady-state free-precession cines (retrospective gating, 25
frames, 7-mm slice thickness, 3-mm interslice gap, breath-hold 8-11 s)
were acquired. True cardiac axes were defined by iterative cross-cuts and
the basal short-axis slice was piloted from the first frame of the
horizontal and vertical long-axis acquisitions, with the trailing edge of
the basal slice contacting the ventricular border of the AV groove. The
entirety of right and left ventricles was then imaged (25). Manual
analysis was performed with a graphics tablet and CMRTools (Imperial
College, London, UK) by a single operator to produce biventricular end-
diastolic volume, end-systolic volume, stroke volume, ejection fraction,
and mass. The first frame was treated as end-diastole. End-systole was
defined as the smallest frame. The interventricular septum was portioned
so any hypertrophy was attributed to the RV. Cardiac index was
calculated from phase-velocity mapping of the aorta to produce cardiac
output. Cardiac output and RV mass were indexed to body surface area
to give cardiac index and RV mass index, respectively (26).

Two-dimensional and Doppler echocardiography were performed
using standard techniques on commercially available equipment with
a predefined imaging protocol. The maximal tricuspid regurgitant jet
velocity (m/s), derived from the continuous wave signal, was added to
estimated right atrial pressure (RAP) (based on inferior vena cava size
and its changes with inspiration) in the modified Bernoulli equation to
estimate systolic pulmonary artery pressure. The right atrial volume
was calculated at end-systole from the apical four-chamber view using
the single-plane diameter-length method (Volume = [wD?L]/6, where
D = minor axis [cm], L = major or long axis [cm]). The left ventricular
(LV) eccentricity index was measured at end-diastole and end-systole
at the mid-ventricle level from the parasternal short-axis projection
(27) and calculated as the ratio of the major axis of the LV parallel to
the septum at the level of the chordae (a), divided by minor-axis
perpendicular to and bisecting the septum at the same section (b)
(eccentricity index = a/b). The RV Doppler (Tei) (28) index was cal-
culated as described previously using the length of two time intervals in
the formula (a—b)/b, where a equals the time between the onset of
QRS complex and onset of tricuspid inflow and b equals the ejection
time of RV outflow.

All measurements from images were made by an experienced
operator who was unaware of each patient’s clinical information.

Assays

Plasma NT-proBNP was determined using a noncompetitive assay as
previously described (29, 30). Combined concentrations (NOx) of
plasma nitrite (NO; ) and nitrate (NOj"), the stable oxidation products
of nitric oxide (NO), were determined with an NO chemiluminescence
detector (Sievers NOA 280; Analytix Ltd, Peterlee, UK) as described
(31). GDF-15 was determined by ELISA using a DuoSet Sandwich
ELISA kit (R&D Systems, Abingdon, UK). Plasma cytokines and
growth factors were measured using a Bio-Plex Human Group I 27-
plex Panel, with a detection range of 1.95 to 32,000 pg/ml (171-A11127;
Bio-Rad Laboratories Ltd, Hemel Hempstead, Herts, UK).

Statistical Analysis

The study was powered to detect an 8.5-g difference in the change in
RV mass between the statin and placebo groups at 24 weeks based on
repeatability measurements in patients with PAH. Analysis was
performed by intention to treat at 6 months and per protocol at 12
months. Missing variables were replaced with medians or means (for
variables missing at baseline) or with expected variables calculated on
the percentage change between baseline and 24 weeks observed for the
group (placebo or statin) as a whole (a technique called imputation).
Missing variables accounted for less than 5% of the data and there
were no missing CMR data at baseline. Baseline patient characteristics
of the two treatment groups were compared with ¢ tests. Treatment
effects were assessed by repeated measures ANOVA (32), with Wilks’
lambda P values reported. RV mass, RV mass index, RV end-diastolic
volume, RV end-systolic volume, eccentricity index end-diastole,
eccentricity index end-systole, right atrial (RA) volume, plasma
NOx, and GDF-15 were log transformed and NT-proBNP values were
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square rooted to achieve normality, verified by Kolmogorov-Smirnov
tests. All P values were two-tailed. Differences in categorical distribu-
tions were assessed using the Fisher exact test. Analyses were
performed using STATA 8 software (Stata Inc., College Station,
Texas) and SPSS Statistics 17.0 (SPSS, Inc., Chicago, IL).

RESULTS

Forty-two patients were recruited to the study (38 from London
and 4 from Giessen) (Table 1). Twenty-two (52%) patients were
in World Health Organization functional class II and 20 (48%)
were in World Health Organization functional class III. The
majority (33/42) of patients had idiopathic or heritable PAH.
Nineteen patients were assigned to simvastatin and 23 received
placebo (Figure 1). There were differences between the two
treatment groups in some baseline characteristics (Table 1).

TABLE 1. PATIENT CHARACTERISTICS AT BASELINE
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During the first 6 months, two patients assigned placebo discon-
tinued the study at 8 weeks (own volition) and one patient was
commenced on a statin at Week 12 due to a stroke (but analyzed
as part of the placebo group on intention-to-treat principle). In
the simvastatin treatment group, one patient deteriorated at 12
weeks requiring up-titration of sildenafil from 25 mg to 50 mg
and was withdrawn from the study. The drug dose was reduced to
40 mg at 8 weeks in one patient due to muscle aches and an
elevated creatine kinase (peak value 3,579 TU/L, normal range
0 to 150 TU/L). Creatine kinase returned to normal and this
patient completed the study. Blinding was not broken.

Sixteen patients on active treatment and 18 patients on
placebo continued open-label simvastatin (32 patients on 80 mg,
2 patients on 40 mg) to 12 months (Figure 1). Two patients in
the simvastatin treatment group withdrew at 24 weeks, one due
to drug-related side effects (abdominal discomfort) and one due

Characteristic

Placebo (n = 23) Simvastatin (n = 19)

Demographic variables
Women:men
Age in yr, mean (range)
BMI, kg/m?
White/black/other (no.)
Cause of pulmonary hypertension
Idiopathic/heritable
Associated with CTD
Associated with ASD
Mean pulmonary artery pressure at diagnosis, mm Hg (range)
Months since diagnosis
Current treatment, no.
Warfarin
Diuretics
Digoxin
Calcium antagonist
Sildenafil
Bosentan
Sildenafil + bosentan
Functional status
Functional class I1/1ll
6-min walk distance, m, mean * SD (range)
Borg index at rest, median (interquartile range)
Borg index post 6-min walk, median (interquartile range)
NT- proBNP, fmol/ml
GDF-15, pg/ml
Plasma NOx, umol/L
Hemodynamic variables
PA systolic pressure, mm Hg'
RV systolic pressure, mm Hg'
Systolic blood pressure, mm Hg
Diastolic blood pressure, mm Hg
Heart rate, beats/min
TRV velocity, m/s’
Tei Index’
RA volume, ml*
CMR data
RV mass, g
RV mass index, g/m?
LV mass, g
LV mass index, g/m?
RVedv, ml
RVesv, ml
RV ejection fraction, %
Cardiac index, L/min/m?2

15:8* 17:2
49.1 (24-73) 43.2 (19-67)
26.3 = 3.3 24.4 + 4.7

21*/0/2* 11/1/7
18/2 1211
2 3
1 3
55.7 +12.5 (30-81) 55.8 = 10.3 (42-71)
435 + 73 58.6 + 62
19 16
15 12
8 4
4 6
4 6
19* 9
0* 4
11/12 11/8
386 = 110 (120-600) 381 * 69 (198-498)

1(2) 1(2)

5(4) 7 (2)
444 + 447 570 = 579
369 = 265 444 + 331
62.6 + 36.1 49.1 = 21.7

92 + 27.2 81.6 + 21.2
90.4 + 5.9 74.1 £ 6.1
117 =13 117 =15

71 £8 67 =13

7510 74 =15
4.5+ 0.7 4.1 = 0.7
0.74 + 0.3 0.6 = 0.2
108 = 56 94 + 34
102 = 63 99.3 + 41
56.4 + 32.7 58.7 + 22

97 + 30.5 84.7 + 21.6
53314 50 = 9.1
205 + 91 203.9 = 70.9
71.6 = 44.1 75.1 £41.3
40.5 + 15.6 41.3 +15.8
2.5*0.7 2.6 * 0.65

Definition of abbreviations: ASD = atrial septal defect; BMI = body mass index; CMR = cardiac magnetic resonance; CTD =
connective tissue disease; GDF-15 = growth and differentiation factor-15; LV = left ventricular; NOx = nitric oxide metabolites;
NT-proBNP = N-terminal pro-B-type natriuretic peptide; PA = pulmonary artery; RA = right atrial; RV = right ventricular;
RVedv = RV end-diastolic volume; RVesv = RV end-systolic volume; TRV = tricuspid regurgitant jet velocity.

Data are mean = SD unless otherwise indicated.
* P < 0.05.
" Determined by echocardiography.
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42 PAH patients
randomised

23 placebo

Baseline

19 simvastatin

2 discontinued

study drug at 2
months months
6 months 21 completed 18 completed
1 withdrew due to
stroke
20 begin 18 continue
simvastatin simvastatin

2 discontinued due to
PAH deterioration

12 months 18 completed 16 completed

to clinical deterioration that required an escalation of PAH-
specific therapies. In the placebo group, three patients withdrew
at 24 weeks, two suffered clinical deterioration requiring
escalation of therapies between 24 and 36 weeks, and the
patient commenced on a statin at Week 12 due to a stroke
was withdrawn from the study at Week 24. One patient had
elevated creatine kinase levels at Week 36 (peak 13,346 TU/L),
requiring withdrawal of the statin for 2 weeks and reintroduc-
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1 discontinued due to
PAH deterioration at 3

Figure 1. Schematic overview of study. PAH = pulmo-
nary arterial hypertension.

2 discontinued
* 1 drug side effect
* 1 PAH deterioration

tion at a reduced dose of 40 mg. The patient already on
simvastatin 40 mg from the blinded part of the study continued
on this dose to 12 months.

Cardiac Mass and Function

Baseline RV mass was markedly elevated in both treatment
groups compared with healthy individuals of a similar age (mean
48;95% confidence interval, 23-73 g) (25). Over the first 6-month

TABLE 2. RESPONSE TO ADDITION OF SIMVASTATIN TO USUAL THERAPY

Change from Baseline at 24 wk

Placebo (n = 23)

Statin (n = 19)

Overall
Variable Mean SD Mean SD Mean Difference P value
RV mass, g 3.9 13.9 =52 11.3 -9.1 0.028
Fractional RV mass 0.05 0.16 —0.05 0.11 -0.10 0.026
RV mass index, g/m? 1.9 7.8 -2.8 6.7 -4.7 0.049
Fractional RV mass index 0.05 0.16 —0.05 0.11 —0.09 0.042
LV mass, g -1.3 10.9 1.7 12.3 3.05 0.40
Cardiac index, L/min/m2 —-0.05 0.59 0.12 0.58 0.17 0.37
RV systolic pressure, mm Hg -4.0 4.3 4.1 3.68 8.1 0.17
RVedv, ml 8.7 22.4 7.3 16.9 -1.4 0.65
RVesv, ml 3.7 14.4 2.5 7.6 -1.3 0.53
RVEF, % -1.0 5.3 0.7 6.1 1.7 0.35
EIED —-0.16 0.34 —0.06 0.50 0.11 0.56
EIES 0.36 0.89 0.48 1.29 0.12 0.90
RA volume on echocardiogram, ml -6.3 30.6 -29 23.2 3.4 0.67
Tei index 0.0 0.2 0.0 0.2 0.0 0.49
6MW test, m 1.0 57.0 3.1 34.5 2.10 0.86
Pre-6MW systolic BP, mm Hg -9.1 47.5 -7.5 17.5 1.6 0.76
Pre-6MW diastolic BP, mm Hg -4.6 28.7 6.1 24.2 10.7 0.38
Pre-6MW HR, bpm -1.7 30.1 0.0 12.5 1.7 0.62
Post-6MW HR, bpm -6.1 42.2 -1.8 14.2 4.4 0.98
NT-proBNP, fmol/ml 49 224 =75 167 -124 0.041
Plasma NOx, pmol/L 21.1 70.6 15.7 19.8 -5.4 0.89
GDF-15, pg/ml 158 270 33 397 =125 0.09
Symptoms score /25 -0.6 3.2 -1.9 4.1 -1.4 0.25
QoL score /25 0 4.7 -1.6 4 -1.7 0.26

Definition of abbreviations: BP = blood pressure; EIED = eccentricity index end-diastole; EIES = eccentricity index end-systole; GDF-15 = growth and differentiation
factor-15; HR = heart rate; LV = left ventricular; NOx = nitric oxide metabolites; NT-proBNP = N-terminal pro-B-type natriuretic peptide; QoL = quality of life; RA =
right atrial; RV = right ventricular; RVedv = RV end-diastolic volume; RVEF = RV ejection fraction; RVesv = RV end-systolic volume; EIED = eccentricity index end-

diastole; EIES = eccentricity index end-systole; 6MW = 6-min walk.
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period, RV mass increased (3.9 = 13.9 g) in the placebo group
and significantly decreased (—5.2 = 11.3 g; P = 0.045) in the
statin group (Table 2). The treatment effect was —9.1 g (P =
0.028). A similar trend in RV mass was seen if all the patients on
sildenafil were excluded, reaching borderline significance (pla-
cebo: 4.5 * 3.2 g; simvastatin: =54 *= 42 g; P = 0.07). A
significant divergence in response was also seen in fractional
change in RV mass from baseline (actual change/baseline mass)
and RV mass index. Individual responses are shown in Figure 2A
and the group changes in Figure 2B. No change was seen in LV
mass. There were no significant changes in RV ejection fraction
or Tei index. RV systolic pressure as estimated by echocardiog-
raphy was not significantly affected by simvastatin.

At 12 months, the decrease in RV mass seen on active
treatment appeared to have reversed in those who continued on
simvastatin: RV mass increased from 6 to 12 months (6.0 = 13.4
g; P = 0.09) and no longer differed from baseline (mean change
0-12 mo, 1.9 = 17.9 g; P = 0.605). In the patients who changed
from placebo to simvastatin at 6 months, RV mass stabilized
(mean increase from 6-12 mo, 0.1 = 13.0 g; P = 0.97; Figure 3A).

Exercise Capacity

The difference in 6-minute walk distance at 6 months in favor of
simvastatin (+2.1 m) was not statistically significant (Table 2).
More subjects in the placebo-treated group became tachycardic
with exercise (heart rate > 100 beats per minute) than in the
statin-treated group (43% compared with 16%; P = 0.05).
Neither systolic nor diastolic blood pressure showed differential
responses to exercise.

NT-proBNP Measurements

Baseline plasma NT-proBNP levels (Table 1) were elevated in
both treatment groups (simvastatin: 570.0 [=579] fmol/ml vs.
placebo: 444.2 [£447] fmol/ml) compared with those seen in
healthy control subjects (<20 fmol/ml). Mean circulating NT-
proBNP levels fell in the statin group (=75 = 167 fmol/ml; P =
0.02) and showed a nonsignificant increase from baseline in the
placebo group (49 * 224 fmol/ml; P = 0.43) (Table 2). The
overall treatment effect (=124 fmol/ml) was significant (P =
0.041). From 6 to 12 months, NT-proBNP levels increased in the
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patients who continued on statin throughout the study but
remained stable in the patients who changed from placebo to
simvastatin for this period (Figure 3B).

GDF-15 Measurements

Baseline and 6-month plasma GDF-15 levels were within
normal range for 39 of the 42 subjects (22, 33). Mean circulating
GDF-15 levels increased by 158 (£270) pg/ml in the placebo
group (P = 0.01) and by 33 (£397) pg/ml in the treatment group
(P = 0.72) (Tables 1 and 2).

Biochemical Measurements

There was no change in prewalk or postwalk exhaled NO levels
but plasma NOx levels increased significantly over the first 6
months in the simvastatin group (Figure 4). There were no
significant differences in hepatic enzymes, bilirubin, or interna-
tional normalized ratio between the two treatment groups. No
significant differences in the circulating levels of 27 cytokines
and chemokines were found between the two groups at baseline
or 6 months (see Table E1 in the online supplement).

Baseline total cholesterol levels were 4.8 = 1.1 mmol/L in
the statin and 5.8 = 1.8 mmol/L in the placebo-treated groups
(P = 0.06). At 24 weeks these were 3.4 * 0.8 and 5.7 = 1.7
mmol/L (P < 0.0001), respectively, indicating good compliance
with statin treatment. Total cholesterol levels remained reduced
in the patients who continued simvastatin treatment to 12
months (3.6 = 1.0 mmol/L) and decreased in the patients from
the placebo group who switched to simvastatin treatment (4.0 =
1.0 mmol/L; Figure 3C). Triglycerides at baseline were 1.45 *
0.6 and 1.69 = 0.78 mmol/L, respectively, and did not change
significantly with treatment.

Quality of Life and Safety

Nonsignificant reductions in the 25-point symptom score (where
score is proportional to symptom burden) were observed (mean
reduction 0.6 points in the placebo group, P = 0.47, and 1.9
points in the statin-treated group, P = 0.08) in the first 6
months. Mean activity and quality-of-life scores did not change.

A B

1.44 p=0.028
40.0
1.31
3
(%1
129 "=;':' 20,0 . . . .
@ ] Figure 2. Analysis of RV (right ventricular) mass
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Figure 3. Change in (A) frac-
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DISCUSSION

There is considerable interest in the use of statins for the
treatment of PAH, with some patients and their physicians
already electing to add a statin to their treatment program.
Evidence of potential therapeutic benefit from this drug class
comes from a series of animal studies but there are no robust
data from studies in patients (4-14). Because the response of
the RV to the increased afterload in PAH is an important
determinant of patient outcome (18-21), this study examined
prospectively the effect of simvastatin on RV mass and function
in patients with PAH. The addition of high-dose (80 mg daily)
simvastatin to standard care with sildenafil and/or endothelin
antagonist treatment was associated with a 5% reduction in RV
mass and a 13% decrease in NT-proBNP levels at 6 months, but
no improvement in cardiac output or exercise capacity. More-
over, the effects on RV mass and NT-proBNP were not
sustained, as both returned to baseline values in patients who
continued with the statin for 12 months. Plasma NOx increased
in the statin group but there was no significant change in a range
of cytokines, potential antiinflammatory markers.

A reduction in RV hypertrophy in the statin-treated group
was predicted from animal experiments, although animal
models do not faithfully reproduce the human pathology
(4-14). The observation that simvastatin inhibited further pro-

Baseline

T T T

6 months 12 months
ITT, p = 0.041 p=NS
PP, p =0.076

domization to simvastatin or
placebo. From 6 to 12 months
patients were on open-label
simvastatin (80 mg). Dotted
lines indicate  per-protocol
analysis; solid lines indicate in-
tention-to-treat analysis. Mea-
surements were made at
discrete time points as indi-
cated by the ticks of the x axis.
ITT = intention to treat; NT-
proBNP = N-terminal pro-B-
type natriuretic peptide; PP =
per protocol; RV = right ven-
tricular.

— Intention to treat (ITT)

==== Per protocol (PP)

gression of RV hypertrophy in placebo-treated patients who
changed to the statin supports the view that the introduction of
simvastatin treatment has an early effect on RV mass. A
reduction in RV mass without an increase in cardiac output
should be interpreted with caution (20). Hypertrophy is the
response of the RV to increased pulmonary vascular resistance.
A reduction in RV mass when accompanied by a reduction in
NT-proBNP levels may be a useful surrogate for a reduction in
pressure load on the RV, although there was no measurable
reduction in RV systolic pressure. On the other hand, statins
have been shown to have a direct effect on cardiac myocytes
and may reduce cardiac hypertrophy via a number of mecha-
nisms (3, 34-36). A reduction in RV mass disproportionate to
any reduction in pulmonary vascular remodeling may impair the
capacity of the ventricle to meet demand. There was no
evidence of impaired cardiac output or exercise capacity in this
study but a disproportionate effect on the RV may be one
explanation for the transient effect of the statin on RV mass; if
the statin has little effect on pulmonary vascular remodeling,
the disease will progress, increasing further the pressure-load on
the RV, and this will eventually override any effect of the drug
on the heart, resulting in progressive RV hypertrophy.

A larger long-term outcome study with this drug is required
before judging whether simvastatin is useful as a specific
treatment for PAH. It should be noted, however, that the
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Figure 4. Change in plasma nitric oxide metabolites (wmol/L) before
and after 6 months of treatment with simvastatin or placebo. Statistics
shown are paired t tests. Box plots indicate median and quartiles.
NOx = nitric oxide metabolites.

treatment effect on 6-minute walk distance, an outcome mea-
sure accepted by regulatory authorities, at 6 months was small
(+2 m) and a large number of patients would be required to
show statistical significance. The study would have to be at least
12 months’ duration to be sure of a sustained effect. The results
reinforce the need to conduct studies of PAH treatments over
an adequate duration of time to assess the medium term effects
of therapy, as recently proposed (37).

Statins vary in their physicochemical properties, which in-
fluence their ability to exert pleiotropic effects in non-hepatic
cells. Comparing the inhibitory effect of statins on vascular
smooth muscle cell growth in culture suggests that lipophilic
statins are more potent than hydrophilic agents in this class (O.
Ali and J. Wharton, personal observations). Simvastatin daily
was chosen for this study as it is the statin examined most
commonly in animal models and has been most consistent in
demonstrating beneficial effects. Simvastatin 80 mg is the
maximum licensed dose for hypercholesterolemia; above this
the risk of rhabdomyolysis becomes unacceptable (38). It is
possible that a different lipophilic statin might have produced
a different result.

There are several limitations to this exploratory study. (1)
There are no data for pulmonary vascular resistance, so we do
not know whether the reduction in RV mass is secondary to
a reduction in pulmonary vascular resistance; (2) the study
patients were stable, with a mean time from diagnosis of 4 to 5
years, which might reduce the potential to detect a beneficial
effect of simvastatin in a relatively short study period; (3) the
unequal distribution of sildenafil therapy in the simvastatin (10)
and placebo (4) treatment groups is a potential confounding
factor. In an earlier study sildenafil but not bosentan reduced
RV mass significantly over a 16-week period (39). It seems
unlikely that the additional six patients on sildenafil (four of
whom were also taking bosentan) in the simvastatin group could
significantly influence the results. But this cannot be discounted,
(1) because the addition of simvastatin to sildenafil has been
shown to be effective in an animal model (16), and (2) when
considering the metabolism of these drugs. All three, simvasta-
tin, sildenafil, and bosentan, are substrates for CYP3A4,
whereas bosentan induces hepatic CYP3A4 expression. Simvas-
tatin has no effect on bosentan levels but bosentan reduces

simvastatin levels by up to 40% (40). Although there are no
published data, simvastatin could theoretically increase silde-
nafil levels and vice versa. Thus, a combination of sildenafil and
simvastatin may offer greater exposure to both drugs, whereas
bosentan and simvastatin may reduce exposure to the statin.
Despite this, when the patients on sildenafil were excluded from
the analysis in this study, a similar trend in RV mass in the
treatment and placebo groups was seen.

In summary, the addition of simvastatin to the treatment of
patients with idiopathic/heritable PAH and PAH associated
with atrial septal defect or connective tissue disease is safe and
well tolerated and associated with an early reduction in RV
mass and NT-proBNP, which is not sustained over 12 months.
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